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Backgrounds
Piezoelectric materials are used for a variety of applications, such as actuators, sensors, memory devices and transformers. In particular, piezoelectric materials are indispensable to precise positioning actuators used in various fields. In positioning applications, the drawbacks of piezoelectric actuators are hysteresis, nonlinearity and creep in piezoelectric displacement. Thus, a feedback control system using a displacement sensor is usually essential for a precise positioning system. Such displacement sensors hinder device miniaturization, necessitate a complicated configuration, and increase the manufacturing cost. Domainclamped piezoelectric ceramics, referred to as hard piezoelectric materials, are effective in achieving a linear piezoelectric performance. This type of ceramics shows low nonlinearity and hysteresis, however, the displacement obtained is quite small compared to soft piezoelectric materials. For a wide-range performance, soft piezoelectric materials should be utilized. In order to achieve a simple system using soft PZT, for example, some researchers have proposed to employ self-sensing methods [1] [2] [3] . In these systems, the piezoelectric materials are operated as a displacement sensor, not only as an actuator. The displacement sensing principle is based on the linear relationship between the induced charge and the piezoelectric displacement. This is a smart approach that can be extended to various fields, however, charge detection is not easy because the charge signal is typically noisy from environmental conductive materials or outer metal parts such as electrical wires. 
Self-Sensing Piezoelectric Actuator

Purpose
In this study, a displacement sensing method using permittivity detection is proposed. As an example, a self-sensing control system using permittivity change detection is demonstrated. The measurement involves real-time detection and is more sensitive than charge detection. This method is based on the linear relationship between the permittivity and the piezoelectric displacement. The linearity of this relationship was verified experimentally in this study, as discussed later. The piezoelectric displacement is thought to be linear with respect to the induced charge on the basis of the piezoelectric equations. However, when plotted as a function of electrical field including polarization reversal, the relationship between the piezoelectric displacement and the permittivity is found to be far from linear. The permittivity versus electrical field curve is butterfly-shaped, similar to that of piezoelectric performance.
The Proposed Method and the Principle
To construct a self-sensing system, the linear relationship between the permittivity change and the piezoelectric displacement must be confirmed. The permittivity can be calculated
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A. Kawamata et al. by differentiating electrical displacement with respect to electrical field. For paraelectric materials, the permittivity is constant because the electric displacement is proportional to the applied electrical field. By contrast, ferroelectric materials show strong hysteresis properties between the electrical displacement and the applied electrical field, as shown in Fig. 1 . And the gradient of this hysteresis graph corresponds to the permittivity. Thus, the permittivity depends on the bias electrical field. The method proposed for piezoelectric displacement measurements from the permittivity change is shown in Fig. 2 . In this system developed, the permittivity detection voltage is superimposed on the piezoelectric driving voltages. The amplitude and frequency of the detection voltage are fixed, and the permittivity is calculated from the induced current measurement. This signal generator was capable of outputting two independent signals, one for the detection voltage, the other for the piezoelectric driving voltage. These two voltages were mixed by using the addition function of the amplifier, and applied to the actuator. Thus, this method utilized the detection voltage to detect the induced current, and from the signal produced, the permittivity change could be calculated in real-time depending on the driving voltage.
Experiments
Appropriate Amplitude and Frequency of the Detection Voltage
The requirement in this method is that the detection voltage must not affect the piezoelectric displacement. Hence, its amplitude should be as small as possible, and its frequency as high as possible, so that the actuator does not respond to the permittivity detection voltage. However, the current signal produced by too small-amplitude voltage is hard to detect. And the high frequency detection voltage results in a better sensitivity due to the large amplitude of the current signal, which is proportional to the frequency. It is necessary to find appropriate amplitude and frequency of the permittivity detection voltage.
Self-Sensing Piezoelectric Actuator [435]/197
A unimorph PZT actuator was used for the experiments. This actuator was supplied as a bimorph actuator (Nihon Ceratec Co., Ltd, LPD3713), however, only one PZT layer was operated as a unimorph for simplified operation. The actuator used for the experiment was 0.6 mm in thickness, 37 mm in length (28 mm PZT) and 13.4 mm in width. A 0.2mm stainless steel was sandwiched by two 0.2 mm PZT layers, and only one PZT layer was operated. One end of the unimorph actuator was clamped with the aluminium base, and the operation voltage was supplied from a signal generator (NF Co., Ltd, WF1946) through an amplifier (NF Co., Ltd, 4010). To detect the current amplitude induced by the detection voltage, the signal from a hole-effect current probe was measured with a lock-in amplifier using the reference signal of the detection voltage. The frequency response of the current with five amplitudes of the detection voltage was shown in Fig. 3 . The range of the frequency was from 10 kHz to 200 kHz. The amplitude of the detection voltage was 0.2 V p−p , to 1.0 V p−p with 0.2 V p−p step. The current was proportional to the amplitude of the detection voltage. The permittivity calculated from these current values was shown in Fig. 4 . The permittivity of any amplitude was almost the same value. However, as the amplitude was small, the permittivity behavior was unstable and then in order to detect the correct current value, the larger amplitude without affecting the displacement is preferable. Figure 5 shows the relationship between the velocity of the actuator and the frequency of the detection voltage. To measure the velocity, a laser vibrometer (Polytec NLV-2500) was used. The piezoelectric displacement can be estimated by the velocity. The range of the frequency was from 10 kHz to 200 kHz. The amplitude of the detection voltage was 1.0 V p−p . The displacement of 56 kHz and 130 kHz was larger because they were resonant frequencies. A higher frequency is preferable for a large current signal, however, because of the limitation of the lock-in amplifier, this frequency was selected to be 100 kHz. 
The Linear Relationship between Displacement and Permittivity
The frequency and amplitude of the detection voltage were fixed to 100 kHz and 1.0 V p−p , respectively. To measure the piezoelectric displacement, a laser interferometer (Canon DS-80) was used. In the practical self-sensing system, this sensor can be replaced. The piezoelectric driving voltage had an arbitrary shape that depended on the practical system. In the present experiment, a triangular 0.1 Hz voltage with an amplitude of 60 V p−p was applied. As can be seen in Fig. 6 , both the piezoelectric displacement and the permittivity exhibit a hysteretic relationship with applied voltage. It was also confirmed that the permittivity detection voltage did not affect the piezoelectric displacement. The hysteresis of piezoelectric displacement makes precise positioning using an open loop system impossible.
However, modification of these two graphs yields another relationship between the piezoelectric displacement and the permittivity, as shown in Fig. 7 . Unlike the previous two graphs, this relation is non-hysteretic and linear. This means that by measuring the permittivity, the piezoelectric actuator can be operated as a displacement sensor. This is real-time permittivity detection, which can compensate for the nonlinear and hysteretic piezoelectric performance.
At this stage, we have to consider the cause of the hysteresis in piezoelectric displacement. It is generally believed to stem from the domain movement in piezoelectrical materials. To enhance the piezoelectric displacement, the domain condition is adjusted so as 
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A. Kawamata et al. to be unstable by doping. In PZT, the chemical component of morphotropic phase boundary (MPB) also contributes to the domain instability. Hence, the domains of soft-PZT actuators are easy to rotate. This rotational movement is complicated and noninvertible, which results in hysteretic piezoelectric performance. Meanwhile, the domain rotation affects the permittivity change because ferroelectric materials have an anisotropic permittivity, and the permittivity parallel to the polarization direction is typically smaller than that along the vertical direction. When domain rotation is applied to a ferroelectric material, and a large piezoelectric displacement is induced, the domain rotation can be detected by measuring the macroscopic permittivity change.
Self-Sensing Control using Permittivity Detection
The self-sensing feedback control system was developed on the basis of the linear relationship between the permittivity change and the piezoelectric displacement. The permittivity change detection method has already been described. From the permittivity change, the piezoelectric displacement was estimated. Figure 8 shows the block diagram of the self-sensing system using the permittivity detection. Through comparing the estimated 
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[439]/201 displacement and the target value, the output voltage to the piezoelectric actuator was calculated by the integrating controller in a digital signal processor (MTT Corp., s-Box). When a triangular waveform was settled as a target voltage, the piezoelectric displacement could be controlled as shown in Fig. 9 . The piezoelectric displacement was measured by a laser interferometer (Canon DS-80) to confirm the controllability of this system. In the practical self-sensing method, this sensor is not required.
As shown in Fig. 10 , the relationship between piezoelectric displacement and target displacement verified that the proposed self-sensing system achieved a remarkably linear piezoelectric displacement. This indicated that self-sensing control by the present permittivity detection system was effective in eliminating the hysteresis and nonlinearity in piezoelectric performance without using a displacement sensor.
Conclusions
In conclusion, permittivity detection was proposed as a positioning sensor for a piezoelectric actuator. The permittivity detection system was developed for a ferroelectric material. This method utilized the detection voltage to detect the induced current, and from the signal produced, the permittivity change could be calculated in real-time depending on the driving voltage. Using this system, the relationship between the piezoelectric displacement and the permittivity was confirmed to be linear, and was successfully applied to the self-sensing system. The linearity is thought to stem from the domain motion in ferroelectric materials.
